We investigated butanol production from crystalline cellulose by cocultured cellulolytic Clostridium thermocellum and the butanol-producing strain, Clostridium saccharoperbutylacetonicum (strain N1-4). Butanol was produced from Avicel cellulose after it was incubated with C. thermocellum for at least 24 h at 60°C before the addition of strain N1-4. Butanol produced by strain N1-4 on 4% Avicel cellulose peaked (7.9 g/liter) after 9 days of incubation at 30°C, and acetone was undetectable in this coculture system. Less butanol was produced by cocultured Clostridium acetobutylicum and Clostridium beijerinckii than by strain N1-4, indicating that strain N1-4 was the optimal strain for producing butanol from crystalline cellulose in this coculture system.
Biobutanol is an attractive biofuel because it has an energy density that is similar to that of gasoline (2, 8, 37) . Although several Clostridium spp., including Clostridium acetobutylicum, Clostridium beijerinckii, and Clostridium saccharoperbutylacetonicum, produce butanol from various substrates such as agricultural waste (38) and soy molasses (26) , these microorganisms cannot directly ferment crystalline cellulose, which is particularly abundant (6) . Since the ability of butanol-producing bacteria to utilize cellulose is limited, an expensive hydrolysis step is required before fermentation to degrade the cellulose into simpler sugars.
While expression of the celA and celD genes of Neocallimastix patriciarum in C. beijerinckii has been applied to produce butanol from cellulose in a single step (20) , the resulting transformants did not produce butanol from cellulosic substrates without the addition of the cellulase mixture Celluclast 1.5L (Novozymes, Bagsvaerd, Denmark). Furthermore, although butanol-producing Clostridium strains have been isolated (1, 31) , the efficiency of butanol production using a single Clostridium strain on cellulosic substrates is low.
The primary advantage of using a coculture system is that it eliminates the costly enzymatic hydrolysis step and thus has a potential for cost-effective consolidated bioprocessing (CBP) (21) . An example of this type of system is cocultured C. acetobutylicum and the cellulolytic Clostridium cellulolyticum or Clostridium thermocellum (24, 25, 34) . The high rates of cellulose hydrolysis achieved by these cellulolytic clostridia can be attributed to the presence of a large, cell surface-bound protein complex referred to as the cellulosome (5, 11, 32) . Although these coculture systems produced small quantities of butanol using simple carbon sources, they mainly produce butyrate (24, 25) . Even so, butanol production using a coculture system requires butyric acid to induce the solventogenic phase of C. acetobutylicum (34) . Among four groups of butanol-producing clostridia, divided on the basis of 16S rRNA gene sequences and DNA hybridization information (16, 18, 27) , the C. saccharoperbutylacetonicum strain N1-4 is phylogenetically distantly related to C. acetobutylicum. We also reported that quorum-sensing-like substances found in the culture supernatant of strain N1-4 induced solventogenesis, suggesting that the induction mechanism of butanol production somewhat differs from that of other butanol-producing clostridia (19) . Therefore, strain N1-4 has the potential to produce butanol from crystalline cellulose in coculture without the need for butyric acid.
We selected strain N1-4 as the butanol-producing strain and C. thermocellum as the cellulose-utilizing strain because the latter exhibits high cellulase activity against crystalline cellulose (3, 11) . We produced butanol from crystalline cellulose by coculture with these two strains without the need for butyric acid. 4 , 0.01 g of FeSO 4 , 2 g of asparagine, 5 g of yeast extract, 2 g of (NH 4 ) 2 SO 4 , and 40 g of glucose/liter (pH 6.5). The strains were cultured in test tubes stoppered with butyl rubber stoppers after the headspace was replaced with nitrogen gas.
MATERIALS AND METHODS

Bacterial
Coculture of C. thermocellum NBRC103400 and strains producing butanol. Coculture experiments proceeded in test tubes. C. thermocellum cells grown in NBRC medium 979 containing cellobiose at 60°C were collected by centrifugation. Cell pellets were washed and suspended in the same medium without any added carbon source and adjusted to an optical density at 600 nm (OD 600 ) of 0.2 or 2. Six milliliters of the cell suspension was then used to inoculate 6 ml of NBRC medium 979 containing Avicel cellulose (final OD 600 , 0.1 or 1) and cultured at 60°C. Unless otherwise stated, only the butanol-producing Clostridium strains that grew exponentially were collected after 24 h by centrifugation, washed, and suspended in CGM containing 4% glucose and adjusted to an OD 600 of 1.3 or 13. The cell suspension (1 ml) was then added to test tubes containing C. thermocellum cultures after the incubation temperature was decreased to at 30°C (final OD 600 of 0.1 or 1). Subsequent cocultures were incubated at 30°C unless otherwise stated.
Analytical procedure. Fermentation products were quantified by high-performance liquid chromatography (HPLC) using an Aminex HPX-87H column (BioRad Laboratories K.K., Japan) with a differential refractive index detector (Shimadzu Corporation, Japan) and an aqueous solution of 5 mM H 2 SO 4 as the solvent. Residual cellulose concentrations were determined as described by Desvaux et al. (4) .
Preparation of cell extracts. Cell extracts were prepared with slight modifications of the procedure described by Vasconcelos et al. (30) . Briefly, cell samples were harvested by centrifugation, washed, and suspended in 100 mM oxygen-free Tris-hydrochloride buffer (pH 7.6) containing 2 mM dithiothreitol (DTT). Cells were disrupted in 2-ml microtubes with 0.5-mm glass beads using a Multi-Beads Shocker (Yasui Kikai Co., Japan) at 3,500 rpm for 2 min. The glass beads and cell debris were removed from resulting homogenates by centrifugation at 20,000 ϫ g for 10 min, and the supernatant was used as a crude enzyme solution. One unit of specific activity is expressed as 1 nmol of substrate change/min/mg of protein.
The protein content of the cell extracts was determined using a Coomassie (Bradford) protein assay reagent (Pierce, Rockford, IL) with bovine serum albumin as the standard.
Enzyme assays. Enzymes were assayed using spectrophotometry (U-2001; Hitachi Ltd., Japan) according to Vasconcelos et al. (30) , except that the carbon dioxide generated by acetoacetate decarboxylase was measured using a gas chromatograph equipped with a thermal conductivity detector ([TCD] GC323; GL Science Inc., Japan) and a Molecular Sieve 13ϫ column (GL Science Inc., Japan).
The activity of thiolase, which is specific to strain N1-4 and which converts acetyl-coenzyme A (CoA) to acetoacetyl-CoA, was used as an internal standard to normalize enzyme activities because the crude extracts prepared from cocultures contained enzymes produced by both strains. The actual thiolase activities prepared from mono-and cocultures were 66.42 Ϯ 5.59 and 25.19 Ϯ 0.10 U/mg, respectively.
RESULTS
Effect of C. thermocellum culture period on butanol production. Since butanol-producing clostridia can barely utilize crystalline cellulose, butanol production on a cellulose substrate requires hydrolysis of the cellulose. Thus, we designed the coculture system so that butanol would be produced after the hydrolysis of crystalline cellulose by C. thermocellum at 60°C. To optimize hydrolysis of crystalline cellulose, strain N1-4 (final OD 600 , 0.1) was added to the medium after inoculation and cultivated with C. thermocellum for 0, 24, 48, 72, and 96 h (adjusted to an OD 600 of 0.1), after which the butanol concentration in the culture supernatant was measured ( Fig. 1a and b) .
Since clostridia that produce butanol cannot utilize crystalline cellulose (37), the extremely small amount (0.3 g/liter) of butanol generated after 12 days of incubation after the simultaneous addition of both C. thermocellum and strain N1-4 was predictable. In contrast, when strain N1-4 was added to the medium after C. thermocellum had been cultured for at least 24 h, all of the cultures produced over 3.9 g/liter of butanol from 20 g/liter of crystalline cellulose, that is, 40% of the . We therefore demonstrated that crystalline cellulose can be hydrolyzed by inoculating the substrate with C. thermocellum for at least 24 h before coculturing with strain N1-4.
In cocultures in which C. thermocellum and strain N1-4 were simultaneously added, the maximum OD 600 was 2.2, and this value decreased to 1.1 at 12 days of cultivation (Fig. 1c) . On the other hand, the cell density of cocultures that produced butanol exceeded an OD 600 of 3.0 after strain N1-4 was added and remained constant during cultivation. Although butanol production continued for over 12 days, cocultured cells did not grow.
Effect of cell density on butanol production. Since a high cell density would probably increase the hydrolysis of cellulose and butanol production, the densities of both strains were increased to an OD 600 of 1.0 before coculture (Fig. 2) . In response to increasing the density of C. thermocellum, butanol production slightly increased from 3.9 to 4.2 g/liter after 12 days of incubation. On the other hand, the addition of strain N1-4 had no marked effect on butanol production (Fig. 2) . Taken together, these results showed that the combination of C. thermocellum and strain N1-4 cells at a density greater than an OD 600 of 0.1 is sufficient to produce butanol from crystalline cellulose. However, to ensure high titers of butanol production, the cell densities of both strains were adjusted to an OD 600 of 1.0 for all subsequent coculture experiments.
Although the major fermentation product was butanol, small quantities of acetate, butyrate, and ethanol were also produced, but acetone was undetectable.
Effect of N1-4 growth temperature on cellulase activity. The optimal temperature for cellulase activity in thermophilic C. thermocellum is over 60°C (3), implying that elevated culture temperatures might increase cellulose hydrolysis and butanol production. We therefore investigated the effect of culture temperature on butanol production by strain N1-4 (Fig. 3) . The temperatures ranged from 25 to 42°C because strain N1-4 is a mesophilic bacterium.
The titer of butanol production (4.8 g/liter from 20 g/liter of crystalline cellulose) was the highest in strain N1-4 when it was cultured at 30°C for 13 days. In addition, butanol production decreased with increasing culture temperatures (0.4 g/liter of butanol at 42°C) (Fig. 3) . Conversely, increasing the culture temperature to 42°C resulted in higher rates of butyrate production at concentrations above 5.0 g/liter. This finding closely correlates with findings of N1-4 in monocultures using glucose as a substrate. Strain N1-4 produced extremely low levels of butanol at 42°C in CGM (0.2 g/liter), suggesting that the optimal culture temperature for the butanol producer is more important than the optimal cellulose hydrolysis temperature for the cellulosic strain in our coculture system.
Optimizing butanol production using a cocultured C. thermocellum and strain N1-4. To more accurately clarify butanol production, initial substrate concentrations were varied from 5 to 50 g/liter (Fig. 4) . Butanol production proportionally increased in response to an increase in substrate concentration up to 40 g/liter of substrate, with 5.8 g/liter of butanol being produced from 40 g/liter of substrate. The major product was butanol, and the concentrations of acetate, butyrate, and ethanol were approximately equal under each condition.
Effectiveness of strain N1-4 as a butanol producer in a coculture system. The addition of butyric acid is necessary for the onset of butanol production by C. acetobutylicum (34) . However, in our coculture system, strain N1-4 produced butanol without the addition of butyric acid to the culture medium. To assess whether strain N1-4 is optimally suited for butanol production using our coculture system, C. beijerinckii NCIMB 8052 and C. acetobutylicum ATCC 824 were also cocultured with C. thermocellum using this system, and the fermentation products were measured ( Fig. 5a and b) . As reported, C. acetobutylicum produced low levels of butanol (24, 25, 34) , but butanol production by C. beijerinckii was 26% of that obtained using strain N1-4. The amount of butanol produced by the three strains was notably similar when the strains were separately cultivated in CGM containing 40 g/liter glucose (Fig. 5c) . These results imply that strain N1-4 can produce butanol from crystalline cellulose only when it is cocultured with C. thermocellum. Assays of enzymes associated with acetone production. Acetone was not detected in the culture supernatant of our coculture system. Since the acetone and butanol-producing genes are generally located on a polycistronic operon (9, 19) , unless the acetone-producing gene is disrupted or its expression is repressed, acetone is produced together with butanol (15, 28) . To elucidate the underlying reason for the extremely low level of acetone production, we measured the activities of the enzymes responsible for acetone production ( Table 1 ). The activities of these enzymes in the coculture system were similar to those in monocultures of strain N1-4 (Table 1 ). These findings suggest that acetone production is maintained even in coculture and that other factors are apparently responsible for the minimal levels of acetone.
DISCUSSION
Products of the cellulosome secreted by C. thermocellum differ according to the type of substrate, for example, whether it contains cellobiose or crystalline cellulose (11, 29, 35 ). Since C. thermocellum was grown on medium containing cellobiose before initiating coculture, we considered that preculture might be required to induce the cellulosome components required for degrading crystalline cellulose. Indeed, when C. thermocellum and strain N1-4 were cocultivated simultaneously at 30°C in medium containing crystalline cellulose, the coculture system produced very little butanol (0.3 g/liter) ( Fig. 1a  and b) . Conversely, when strain N1-4 was added to medium in which C. thermocellum had been incubated at 60°C for a minimum of 24 h, all cocultures incubated at 30°C produced butanol from crystalline cellulose. These findings substantiated those of a previous study (24) in which cellulose degradation was optimal only when the butanol-producing strain was added to the growth medium after the strain capable of utilizing cellulose, C. thermocellum, had been cultured on the same medium. Thus, the optimal expression of cellulosome compo- nents was essential for producing butanol from crystalline cellulose in both the present and in the previous study. The culture temperature after the addition of the butanolproducing strain is crucial for the efficiency of butanol production (Fig. 3) . The findings were similar for C. acetobutylicum NCIB 8052, with the solvent yield decreasing to 24% at 40°C (22) . As in their study, butanol production in our study also decreased, even when strain N1-4 was cultivated as monocultures at 42°C (0.2 g/liter). The optimum temperature for butanol production using a coculture system such as that described in this study was thus 30°C.
Strain N1-4 produced the most butanol in our coculture system among three tested butanol-producing strains (Fig. 5a  and b) , indicating that the genes responsible for producing solvent were induced to a greater extent under coculture conditions in strain N1-4 than in either C. beijerinckii or C. acetobutylicum. The regulatory mechanism for this solventogenesis in butanol-producing strains is only partly understood. Butyric acid production is important for solvent formation because the intracellular and/or extracellular levels of butyric acid are implicated in the induction of solventogenesis in C. acetobutylicum (13, 14) . In addition, levels of butyryl phosphate, but not of acetyl phosphate, correlate with the initiation of solventogenesis in C. acetobutylicum (36) . In addition, butyric acid must be added to medium inoculated with C. acetobutylicum for butanol production using cocultures (34) . However, since strain N1-4 produced butanol in the absence of added butyric acid, the amount of butyric acid is clearly irrelevant in cocultures using this strain.
Acetone was barely detectable in our coculture system even when the substrate concentration was increased and either C. beijerinckii or C. acetobutylicum served as the butanol-producing strain (Fig. 4 and Fig. 5b ). Although several clostridial species can convert acetone to isopropanol (10), the isopropanol levels in coculture supernatants were below the detection limit, indicating that acetone was not converted. One explanation for the very low levels of acetone produced during coculture in the present study could be that C. thermocellum metabolized the acetone produced by strain N1-4. Indeed, acetone is metabolized via several pathways in some microorganisms (12) . However, the absence of a decrease in the acetone concentration when C. thermocellum was incubated with acetone (1 g/liter) for 10 days (data not shown) implies that the acetone was not metabolized. Another possible explanation for the low acetone concentrations is that electron flow in strain N1-4 was directed toward NADH regeneration rather than hydrogen gas production, which arises due to the extreme reducing conditions in the coculture medium caused by the dissolved hydrogen gas produced by C. thermocellum. Such electron flow would change the acetone and butanol ratio because the production of butanol requires NADH whereas that of acetone does not (17) . Indeed, butanol production is enhanced by an increase in hydrogen partial pressure (7, 33) . In addition, through downregulation of the putative H 2 -uptake hydrogenase hupCBA gene, we obtained a transformant producing large amounts of acetone and small amounts of butanol (23) , and the amount of NADH required for butanol production was insufficient. It is therefore considered that the observed decrease in acetone production is related to increased NADH regeneration in strain N1-4.
In this report, we described butanol production from crystalline cellulose by cocultured thermophilic and cellulolytic C. thermocellum and the mesophilic strain N1-4. To improve the rate of butanol production, the rate of cellulose hydrolysis should be accelerated via the expression of cellulase in both C. thermocellum and strain N1-4. In addition, the application of mesophilic and cellulolytic clostridia, such as C. cellulolyticum and C. cellulovorans, should be investigated to improve the economics of the process.
